A comprehensive petrographic and in situ major and trace element study of rutile, ilmenite and Ti-magnetite was undertaken in six lower crustal xenoliths of metabasaltic (?underplate) and metasedimentary (subduction) origin from the Diavik kimberlites (central Slave Craton, Canada). The aims of the study were to improve our understanding of trace element incorporation into these Ti-minerals, and to use these systematics to obtain insights into lower continental crust formation and evolution. Abundant (oxy)exsolution of titanomagnetite lamellae, blocky rutile, as well as minor pleonaste and zircon in ilmenite from metabasaltic granulites are proposed to reflect cooling from magmatic or metamorphic temperatures and subsequent secular mantle cooling. This explains the large spread in Zr-in-rutile temperatures (>200 C) and may partly be responsible for the substantial heterogeneity of other trace element concentrations in rutile and ilmenite. Even after accounting for trace element heterogeneity and modal uncertainties, mass-balance calculations indicate that both Ti and Nb in lower crustal granulites are largely controlled by rutile and ilmenite. Rutile U-Pb data define discordia arrays that yield upper intercept ages broadly coincident with the 1Á27 Ga giant Mackenzie dike swarm event, suggesting reheating of the lower crust above the rutile U-Pb closure temperature, whereas lower intercept ages roughly correspond to the age of Cretaceous to Eocene kimberlite magmatism. Subsequent cooling led to partial resetting and data spread along the concordia. Closer inspection reveals that inter-grain concentrations of elements that are compatible in rutile (Nb, Ta, W, U), but highly incompatible in the abundant silicate minerals (in equilibrium with melt), are heterogeneous and contrast with the more homogeneous concentrations of the transition metals (NiO, V). This may indicate that local reaction partners for diffusive homogenization of these element concentrations were absent. Nb/Ta is also highly variable at the sample scale. This may be explained by prograde growth from high-Nb/Ta mineral precursors (e.g. biotite) in the metasedimentary granulites and crystallization of the protoliths to the metabasaltic granulites from a mafic magma that had experienced fractionation of ilmenite with low Nb/Ta in a crustal magma chamber. Thus, (Fe)-Ti minerals represent high field strength element 'islands' in the granulite silicate matrix. The lack of homogenization and persistence of high-energy grain boundaries, such as exsolution lamellae, further indicate that the lower continental crust remained essentially dry and did not recrystallize, possibly since Neoarchaean metamorphism.
INTRODUCTION
Although the continental crust (CC) forms only 0Á6% by weight of the mass of the Earth, its formation and preservation have implications for the generation and evolution of terrestrial reservoirs and Earth dynamics (e.g. Rudnick & Gao, 2003; Xiao et al., 2006) . It is generally agreed that new CC is ultimately derived by partial melting of the mantle, which provides a basaltic flux into the crust, and subsequent differentiation to form an endproduct that is on average andesitic in composition (e.g. Rollinson, 2008) . Both convergent-margin processes and plume tectonics may have contributed to crustal growth and craton stabilization (Rudnick, 1995) , but the exact mechanisms and conditions of CC formation through time are subject to vigorous debate. Part of the problem arises from the fact that current processes of crust formation cannot be indiscriminately extrapolated back in time and that the ancient rock record is fragmentary (e.g. Brown, 2006) . Melts with CC composition can be generated by partial melting of hydrated garnet-bearing metabasalt and, therefore, subducting oceanic crust (Rapp et al., 1991 (Rapp et al., , 2003 Rollinson, 1997; Foley et al., 2002 Foley et al., , 2003 Martin et al., 2005; Nair & Chacko, 2008; Tappe et al., 2011) , thick oceanic plateaux (e.g. Condie & Abbott, 1999; Martin et al., 2014; Reimink et al., 2014) , or the mafic lower CC (LCC; Taylor & McLennan, 1985; Clemens, 2005; Smithies et al., 2009; Rollinson, 2012; Qian & Hermann, 2013) . Because the LCC is largely inaccessible, the investigation of cratonic granulite xenoliths brought to the surface by kimberlite volcanism can provide rare and important constraints on the chemical composition and history of CC, specifically in ancient continental cores (e.g. Rogers, 1977; Jones et al., 1983; Cohen et al., 1984; Leeman et al., 1985) .
Titanium-bearing minerals, such as rutile (TiO 2 ), ilmenite and Ti-magnetite, are common accessory phases in metamorphic rocks, including granulite xenoliths, and can incorporate significant amounts of elements that are incompatible in most silicate minerals during partial melting, including the high field strength elements (HFSE; Zr, Hf, Nb, Ta, also W, U), transition metals, and some chalcophile and siderophile elements (As, Sb, Sn, Mo) (e.g. Stimac & Hickmott, 1994; Zack et al., 2002 Zack et al., , 2004b . Together with sulphide, (Fe-)Ti minerals therefore exert considerable control on the mobility of these elements during igneous or metamorphic differentiation (Stimac & Hickmott, 1994; Foley et al., 2000 Foley et al., , 2002 Schmidt et al., 2004; Klemme et al., 2005 Klemme et al., , 2006 . Whereas there is a sizeable body of research on rutile geochemistry and its applications in the geosciences [reviewed by Meinhold (2010) ], data on the geochemical composition of Fe-Ti-oxides, such as ilmenite and Ti-magnetite, are scant, despite the fact that ilmenite geochemistry has long been suggested as a promising tool for provenance studies and to investigate CC formation processes (Grigsby, 1992; Klemme et al., 2006) .
To remedy this lack of data, we carried out in situ major and trace element analyses on a large number of natural rutile (n ¼ 53) and ilmenite grains (n ¼ 81), as well as associated, discrete and exsolved minerals [ulvö -spinel, pleonaste (Fe-rich spinel) , zircon] in four mafic and two peraluminous granulite xenoliths from the central Slave Craton (Northwest Territories, Canada) . The petrology of these xenoliths was described first by Krauss et al. (2007) . Previous Re-Os isotope investigation of sulphides from these samples showed the LCC of the central Slave Craton to encompass both pristine and isotopically disturbed samples that could be related to craton formation and amalgamation, and to later tectonothermal events (Aulbach et al., 2010) . Combined with published data from nature and experiments, the data presented here are used to obtain insights into the crystal-chemical behaviour of trace elements in rutile and ilmenite and associated temperature-f O2 conditions of the LCC, and into the processes attending LCC formation and modification.
GEOLOGICAL SETTING AND PRIOR WORK
The formation and evolution of the Slave Craton (NWT, Canada) have been summarized in several reviews (e.g. Helmstaedt, 2009; Heaman & Pearson, 2010) . The Archaean Slave Craton is composed of two major basement domains, an ancient (Hadean to Mesoarchaean, 4Á0-2Á8 Ga) central to western domain (Central Slave Basement Complex, CSBC), with evolved isotopic compositions, and an isotopically juvenile (<2Á85-2Á7 Ga) eastern domain (Fig. 1a) . The CSBC includes the 4Á03-3Á3 Ga Acasta Gneiss Complex (e.g. Reimink et al., 2014) and experienced several episodes of crustal growth around 3Á8 and 3Á4 Ga (Sircombe et al., 2001; Pietranik et al., 2008 ). An episode of rifting, evidenced by the emplacement of tholeiitic dikes and thick basalt sequences (2Á73-2Á7 Ga), preceded amalgamation of the two domains at c. 2Á7-2Á6 Ga (Bleeker, 2003; Davis et al., 2003b) when the ancient CSBC lithosphere may have been partially subducted beneath the significantly younger, juvenile eastern domain (Davis et al., 2003b; Aulbach et al., 2009 Aulbach et al., , 2010 (Fig. 1b) . Younger events affecting the Slave lithosphere were the pan-cratonal emplacement of calc-alkaline volcanic rocks (2Á7-2Á66 Ga), the deposition of turbidites (2Á66-2Á63 Ga) and the intrusion of granites (2Á6-2Á58 Ga), the last reflecting lower crustal metamorphism and possibly plutonism accompanied by extended metamorphic zircon growth or magmatic overgrowths (Davis et al., 2003b) . Subsequently, the Slave lithosphere was modified by several collisions with neighbouring terranes at the eastern and western margins (2Á2-1Á8 Ga) (Hoffmann, 1989) and multiple episodes of mafic dike emplacement, such as the Malley-McKay diabase dike swarm (2Á23-2Á21 Ga) and the Mackenzie dike swarm (1Á27 Ga) (Heaman & Pearson, 2010 , and references therein). U-Pb isotope systematics of rutile and zircon in lower crustal mafic granulite xenoliths indicate that the deep crust beneath the central Slave Craton was affected by these voluminous intrusions, either through direct crystallization from an advected melt or as a heat source for metamorphic overprinting (Davis, 1997; Davis et al., 2003a) . Finally, Jurassic to Eocene kimberlite volcanism in the central Slave Craton brought lower crustal granulite xenoliths to the surface Heaman et al., 2004) .
SAMPLE DESCRIPTIONS
The six garnet-granulite xenoliths in the present study are derived from the Diavik kimberlites in the central Slave Craton (Fig. 1) . Prior investigations of metamorphic zircon in similar granulite samples yielded U-Pb ages of 2Á64-2Á51 Ga, which were interpreted as magmatic and metamorphic zircon growth ages following craton amalgamation (Davis et al., 2003b) . In contrast, Re-Os isotopic analyses of sulphide minerals showed that some mafic samples preserved a memory of older formation events, dating back to c. 3Á3 Ga, whereas a metasedimentary sample has Re-Os isotope systematics falling on a $2Á7 Ga age array (Aulbach et al., 2010) . Whole-rock trace element data reveal that all but one mafic granulite resemble crystallized melts (as opposed to gabbroic cumulates) with Ti and Hf negative anomalies and variable enrichments in Sr, light rare earth elements (LREE) 6 Li, Ba and Pb, which are ascribed to formation of the protoliths from a subduction-modified source (S. Aulbach et al., unpublished data) .
The granulite samples are foliated rocks with variable grain sizes, from medium-to coarse-grained, displaying granoblastic to porphyroblastic textures. Samples 1156, 1424, 1525 and 1636 contain a high-pressure mafic granulite mineral assemblage (Table 1 ; Krauss et al., 2007) of garnet, clinopyroxene (cpx) and plagioclase 6 orthopyroxene (opx) in variable proportions, as well as accessory pyrrhotite, rutile and ilmenite 6 apatite (Fig. 2) . The texture of 1424 is unusual in that garnet occurs in a finegrained assemblage with cpx and plagioclase, whereas these latter minerals additionally are present as coarse grains (Fig. 2) . Chlorite and serpentine are secondary minerals as a result of minor to moderate late-stage alteration of primary metamorphic phases owing to reaction with the kimberlite host magma. They do not form part of the equilibrium mineral assemblage. Sample 1204 has a peraluminous composition and is interpreted to be of metasedimentary origin (Table 1) . Sample 1557A, which has a weakly peraluminous composition, may also be of metasedimentary origin. In that case, the protolith would probably be an immature volcanoclastic sediment. Alternatively, sample 1557A may have originally formed near the contact between a true twopyroxene mafic granulite and a metasedimentary lithology, resulting in some degree of chemical hybridization between the two lithologies. Both samples 1204 and 1557A contain garnet, plagioclase, opx 6 cpx 6 K-feldspar 6 quartz in variable proportions and also accessory pyrrhotite, rutile, zircon 6 monazite, ilmenite and apatite (Fig. 2) . These samples show more extensive alteration of mafic minerals to secondary chlorite and serpentine than the mafic specimens (Krauss et al., 2007) . The variable petrographic, elemental and isotopic characteristics of these samples warrant a one-by-one introduction to the salient features in each sample.
Sample 1156 is banded on thin-section scale, with garnet-cpx-rich and plagioclase-rich portions. The main metamorphic mineral assemblage is composed of garnet, plagioclase, opx and cpx, containing high amounts of accessory apatite as well as rutile, ilmenite and pyrrhotite. The presence of opx is reflected by relatively high whole-rock SiO 2 contents (48Á3 wt %, the highest of all samples); this sample has a peraluminosity index higher than typical basalt [A/CNK ¼ molar Al 2 O 3 /(CaO þ Na 2 O þ K 2 O) ¼ 0Á83 compared with $0Á5-0Á6 for pristine basalt; Krauss et al., 2007] . Secondary minerals, such as (Davis et al., 2003b) , which may represent the expressions on the surface and at depth, respectively, of 2Á7 Ga east-dipping subduction during craton amalgamation of the Hadean-Mesoarchaean CSBC and the <2Á85 Ga eastern domain. Figure modified from Aulbach et al. (2010) . (b) The Diavik kimberlite pipes are located in the southeastern part of Lac de Gras atop the Nd isotope boundary. The granulite xenoliths derive from the lower continental crust underneath the Diavik Mine and were brought to the surface during kimberlite emplacement at 55 Ma . Figure modified from Davis et al. (2003b) . Different colours highlight the main lithospheric units as named; green schematically indicates now partially eroded granitoid intrusions. Calculated using the TWQ thermodynamic calculation program of Berman (1991) .
3 Calculated using the Zr-in-rutile thermometer after Watson et al. (2006) , using Zr content in multiple spots and grains of rutile, assuming a pressure of 1 GPa. Only 1204 is buffered by coexisting zircon and therefore yields an accurate temperature estimate, but relative temperatures, expressed as DT, may still be meaningful.
4 rc, reconstructed whole-rock from mineral compositions and modes to account for alteration.
5
Rutile (rut) and ilmenite (ilm) modes in vol. %, estimated from X-ray maps using image analysis software of NIST (ImageJ) and for some samples also using the software of the Cameca SX100 at University of Alberta; numbers in parentheses are standard deviations from the two estimates where available. Includes Ti-magnetite and ulvö spinel. chlorite and serpentine, record a moderate degree of alteration of the primary metamorphic minerals ($15%). Four of five sulphides have Re-Os isotope systematics that scatter about a 2Á2 Ga array, coincident with emplacement of the Malley-McKay dike swarm (Aulbach et al., 2010) ; therefore, this sample may have been generated or affected by Proterozoic injection of mafic magmas accompanied by assimilation of continental crust, a process that would have raised the silica content of the magmas and A/CNK values (Table 1) . Sample 1424 has a main mineral assemblage of garnet, plagioclase and cpx, with accessory phases such as apatite, ilmenite, rutile and pyrrhotite. Sample 1525 displays a similar mineral association, but also contains opx, whereas rutile is not present. Both samples have moderate whole-rock SiO 2 contents (1424, 45Á1 wt %; 1525, 46 wt %) and are metaluminous (A/CNK ¼ 0Á48 and 0Á68) (Krauss et al., 2007) . These samples exhibit minor alteration, reflected by chlorite and serpentine as secondary phases, and display sulphide Re-Os isotope systematics indicating formation c. 3Á3 Gyr ago, corresponding to a period of major juvenile crust formation in the Slave Craton (Aulbach et al., 2010) .
Sample 1636 is mainly composed of garnet, cpx and plagioclase. Accessory phases include rutile, ilmenite and pyrrhotite. In addition to the secondary late-stage phases chlorite and serpentine, this sample contains accessory sulphate-bearing scapolite, the presence of which may indicate that this sample was modified by post-formation influx of a sulfur-rich fluid (Aulbach et al., 2010) . This sample has a metaluminous composition (A/CNK ¼ 0Á62) and the lowest whole-rock SiO 2 content (43Á2 wt %) of all samples, reflected in the absence of opx. This sample has disturbed sulphide Re-Os isotope systematics, supporting post-formation fluid-mediated chemical modification (Aulbach et al., 2010) .
Sample 1204 contains peak garnet, plagioclase, opx, as well as subordinate K-feldspar, minor cpx and traces of quartz (Fig. 2) . Accessory phases are apatite, monazite, zircon, rutile and pyrrhotite (Krauss et al., 2007) . This mineral association is reflected by the high wholerock SiO 2 contents (55Á1 wt %, the highest of all samples) and the strongly peraluminous character of this sample (A/CNK >1). Chlorite and serpentine are present as secondary late-stage phases. The Re-Os isotope systematics of sulphides are disturbed, but some grains lie on the c. 3Á3 Ga array formed by sulphide in samples 1424 and 1525 (Aulbach et al., 2010) .
Sample 1557A contains a peak mineral paragenesis of garnet, plagioclase, opx and cpx, with subordinate Kfeldspar and accessory apatite, zircon, rutile, ilmenite and pyrrhotite (Fig. 2) . This sample has a lower SiO 2 content (50Á8 wt %) than sample 1204, reflected in the presence of cpx. Chlorite and serpentine occur as secondary phases, displaying a moderate degree of latestage alteration. Sulphides lie on an age array corresponding to that of c. 2Á7 Ga craton amalgamation (Aulbach et al., 2010) . As noted above, the protolith of sample 1557A was possibly a volcaniclastic sediment.
SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES
Following petrographic investigation of the samples with an optical microscope, backscatter electron (BSE) images and major element analyses were obtained on discrete and exsolved rutile and Fe-Ti oxide grains in thin section in addition to grains picked from crushed material that were embedded in epoxy, polished and coated with carbon. Measurements were carried out with the JEOL Superprobe JXA-8900 electron microprobe at Goethe University, Frankfurt am Main, with 15 kV accelerating voltage, a current of 20 nA and a nominal beam diameter of 1 lm. For calibration of the main components, a variety of natural and synthetic standards were used, among them fayalite (Fe 2 SiO 4 ) for Fe and MnTiO 3 for Ti. Several of the standards were measured as unknown to monitor data quality. Measurements of both cores and rims were made for sufficiently large grains. Some grains of interest were too small for quantitative analysis and their composition was qualitatively assessed using energy-dispersive X-ray spectra (EDS).
Mineral modes were estimated using BSE images and a combination of Fe and Ti Ka X-ray maps produced from entire standard thin sections ($4 Â 2Á5 cm) with a Cameca SX100 Electron Probe Micro-Analyser (EPMA) at the University of Alberta, following the techniques outlined for the estimation of sulphide modes in the same samples (Aulbach et al., 2010) . Briefly, the correlation of BSE response with the average mass of the minerals allows assignment of different shades to distinct minerals, the areas of which were calculated using the image analysis software supplied with the instrument and/or ImageJ (http://rsb.info.nih.gov/ij/). These two different estimates were averaged and an uncertainty was assigned using the standard deviation.
Trace element concentrations were measured at Goethe University by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) on the same grains that had been analyzed for major elements, using a Resonetics RESOlution M-50 excimer laser ablation instrument (k ¼ 193 nm) linked to a Thermo Scientific Element 2 mass spectrometer. Measurement conditions included a laser spot size of 33-75 lm (depending on sample grain size), a repetition rate of 5 Hz and an energy density of $4 J cm -2 , with $25 replicates (at $1 s per replicate) each measured on the background and on the sample. Trace element data were reduced using the GLITTER software . Titanium contents derived from EPMA analyses were used as an internal standard, and the primary standards R10, a natural rutile, for which trace element concentrations (V, Cr, Zr, Hf, Nb, Ta, Mo, Sb, W, Th, Pb, U) have been quantified (Luvizotto et al., 2009a) and the glass standard NIST612 (values of Pearce et al., 1997) for additional elements, were used to calibrate sensitivity. Silicon and Mg were monitored to detect the coablation of silicates and of ilmenite lamellae in rutile (see below), and time-resolved spectra of each analysis were scrutinized for the presence of inclusions.
A comparison of results for calibration against the two standards is given in Supplementary Data Electronic Appendix 1 (supplementary data are available for downloading at http://www.petrology.oxford journals.org). Because element sensitivity is matrixdependent (e.g. Rodushkin et al., 2002) , we assessed matrix effects by comparing the trace element concentrations obtained for elements that could be quantified with both standards used in this work. Assuming that concentrations derived from matrix-matched standard R10 return accurate values, a comparison of rutile and ilmenite element concentrations shows that for Zr, Hf, Nb, Ta, U, V and Cr element concentrations are variably but systematically underestimated for calibration against NIST612 (Electronic Appendix 1), Mo and Sb are weakly underestimated, whereas W is overestimated. The concentrations of Th and Pb show systematic and in part extreme deviations, apparently depending on instrumental set-up and daily performance and limiting the confidence that can be placed in the results for these two elements. Similar effects probably exist for the elements that have not been quantified for R10, but it is interesting to note that similar deviations are obtained for rutile and ilmenite, which may indicate that their elemental response is similar as far as LA analyses are concerned.
The primary standards were analysed at the beginning and end of the session, as well as at regular intervals during the session; three spots were analysed each time to minimize the effect of heterogeneity, in particular of the natural rutile standard R10. For the results and discussion we will focus on elements calibrated against R10, which we consider to provide accurate results, but exclude Pb, which could not be confidently quantified. Standard deviations for multiple spots analysed per grain, indicative of within-grain homogeneity, and average associated detection limits are given in Electronic Appendices 2 and 3. Detection limits are probably minimum, as for some heavy elements, such as W, Th and U, occasionally no counts were detected on the background. The concentrations of elements present at levels just above the background are below the limit of quantification ($3Á3 times the detection limit); this applies to most Sb and Th analyses in rutile and ilmenite, which are reported in the Appendices but not further discussed or shown here.
Trace element quantification in rutile must take into account that some rutile grains contain micron-scale exsolution lamellae of ilmenite. Overlapping analyses of rutile and ilmenite lamellae were avoided during EPMA analysis, but the lamellae were part of the ablated volume during trace element measurement because the laser beam size was significantly larger than the electron beam. The proportion of ilmenite, which was dissolved in the rutile prior to exsolution, in the ablated volume was estimated using the Mg concentration derived by LA-ICP-MS and showed that on average less than 1% of the ablated volume in rutile was contributed by ilmenite.
Rutile grains embedded in epoxy were analysed for U-Th-Pb isotope systematics at Goethe University using the same instrumental set-up as for trace element analysis, and previously established analytical routines (Gerdes & Zeh, 2009; Wilke et al., 2010; Millonig et al., 2012) . Briefly, data were acquired in time-resolved pulse counting mode, with a laser energy <2 J cm -2 , a 5 Hz repetition rate and spot sizes of 43-67 lm, generating crater depths of $15 lm. Raw data were corrected offline for background signal, common Pb and laserinduced, time-dependent element fractionation using an in-house Excel spreadsheet (Gerdes & Zeh, 2006 , 2009 . Common Pb was estimated from 208 Pb corrected for radiogenic 208 Pb through 232 Th decay (see Millonig et al., 2012) and a model Pb composition (Stacey & Kramers, 1975) . Subsequently, U-Pb downhole fractionation was corrected by the intercept method and the elemental fractionation and mass discrimination using GJ-1 zircon as primary reference, and zircon 91500, Bearlake titanite (1047Á1 6 0Á4 Ma; Aleinikoff et al., 2007) and rutile Tabor (336Á3 6 0Á8 Ma; Janou sek & Gerdes, 2003) were measured as unknowns to assess precision and accuracy. Previous analytical sessions, using similar ablation conditions (e.g. spot size of 43-67 lm; see above) and GJ-1 zircon (30 lm spot size) as reference, showed that the 206 Pb/ 238 U of rutile and titanite yield results that are about 1% too high and 2% too low, respectively. These offset factors have been applied to the 206 Pb/ 238 U ratio to correct for the effects of different sample matrices. The validity of the correction has been verified by our results. Repeated analyses (n ¼ 6-12) of these secondary reference standards yield Pb/ 206 Pb ratios that are precise to about 1% (SD ¼ 0Á8-1Á2%) and give concordia ages that overlap within 1% with previously reported thermal ionization mass spectrometry (TIMS) ages (Wiedenbeck et al., 1995; Aleinikoff et al., 2007; Janou sek & Gerdes, 2003) (Electronic Appendix 4a). In the case of Tabor rutile, the obtained concordia age of 337Á1 6 2Á1 Ma (Electronic Appendix 4b) agrees perfectly with the 336Á6 6 0Á8 Ma TIMS age of Janou sek & Gerdes (2003) .
RESULTS (Fe-)Ti oxide petrography
(Fe-)Ti oxide minerals in LCC granulites from Diavik show a variety of textures and assemblages. Mafic granulite sample 1156 has a low abundance of small ($0Á6 mm) subhedral to anhedral discrete rutile (0Á30 vol. %) (Fig. 3b ) and ilmenite grains (0Á28 vol. %; Table 1 ) that are homogeneously distributed across the thin section (Fig. 2) . The Ti-minerals occur mainly as inclusions in, or intimately intergrown with, garnet, plagioclase, cpx and biotite and subordinately as interstitial grains. Rutile commonly has an ilmenite rim, which can be very thick (up to 10 lm) and in places occurs in contact with altered sulphide (Fig. 3a) . Rutile also features flame-like, subparallel, within-grain ilmenite lamellae of $1 lm width that become more abundant towards the rim, or exsolution needles that are oriented in two crystallographic directions. Conversely, a few ilmenite grains have blocky rutile intergrowths (Fig. 3d) . Ilmenite commonly occurs with touching, now partially altered sulphide or with sulphide grains <1 lm that have crystallized on its rim (Fig. 3c) .
In mafic granulite samples 1424 and 1525, Ti-phases are more abundant than in all other samples (Fig. 2) , consistent with their high bulk-rock TiO 2 contents (Table 1) . Ilmenite and closely associated titanomagnetite and ulvö spinel are the most abundant Ti-minerals, with only few rutile grains observed, and they are associated with garnet and pyroxenes rather than with feldspar ( Fig. 2) . Composite ilmenite-titanomagnetite/ulvö spinel grains in both samples have euhedral to subhedral shapes and variable sizes (up to 1Á4 mm). Their combined mode in 1424 is 1Á65 vol. %, whereas the rutile mode is 0Á42 vol. %. Sample 1525 contains no discrete rutile, and the ilmenite and ulvö spinel modes are 1Á09 vol. % and 1Á32 vol. %, respectively. In both samples, ilmenite mainly occurs as inclusions in silicate minerals. Ilmenite in sample 1424 commonly shows oriented, discontinuous lamellae of ulvö spinel, blocky internal rutile intergrowths ( Fig. 3d ) and close spatial association with rutile ( Fig. 3e and f) ('granule exsolution'; Buddington & Lindsley, (Haggerty, 1983) ilmenite intergrowths and ilmenite rim; (l) interstitial ilmenite with blocky rutile intergrowth that has trellis-like intergrowths of thin ilmenite lamellae. Peraluminous sample 1204: (m) rutile with ilmenite rim included in garnet; (n) rutile occurring with sulphide included in the same host (plagioclase); (o) ilmenite with titanomagnetite or ulvö spinel intergrowths and pleonaste (pl) exsolution as well as a partial rim of probably late sulphide (or zircon), included in garnet. Metasedimentary sample 1557A: (p) rutile with ilmenite rim typical in this sample; (q) rutile grain, partly rimmed with sulphide; (r) ilmenite with rutile intergrowth, partly rimmed with sulphide and intergrowth of probably garnet. 1964). Grain boundaries between ilmenite and sulphide are locally observed (Fig. 3f) .
The most significant exsolution-like features occur in sample 1525 and are clearly identifiable in the TiKa Xray image (Fig. 2 ). Ilmenite displays a high abundance of coarse, parallel, continuous or tapering titanomagnetite and/or ulvö spinel lamellae ( Fig. 3g-i ) ('sandwich type'; Haggerty, 1991) . Additionally, a phase tentatively identified as pleonaste (Fe-rich spinel), based on similarity to texture and BSE response in exsolution in ilmenite from anorthosite (Charlier et al., 2007) , occurs either as coarse lenses or wedges that have the same orientation as titanomagnetite or ulvö spinel lamellae, or as thin, discontinuous lamellae with sharp contacts within these phases (Fig. 3i) . Locally, ilmenite is rimmed by small zircon grains (up to 30 lm, Fig. 3h ) and an unidentified Zr-Ti-phase (based on EDS). Also of note is the occurrence of apatite commonly touching or tightly intergrown with ilmenite ( Fig. 3g ). An additional Tibearing phase, titanomagnetite, is abundant in this sample, identifiable as dark blue areas in the TiKa X-ray image (Fig. 2) .
Ilmenite is also the main Ti-phase in mafic granulite sample 1636 (1Á22 vol. %), with only a few discrete rutile grains (0Á14 vol. %; Fig. 2 ). The overall abundance of Tiphases is lower compared with 1424 and 1525, consistent with its lower whole-rock TiO 2 content (Table 1) . The large grains (up to 1Á6 mm length) are subhedral to anhedral and partly elongated, and appear to be unevenly distributed in the sample (Fig. 2) . Titaniumminerals occur as interstitial grains and also as inclusions in silicate minerals (Fig. 3j-l) . Commonly, ilmenite has exsolution lamellae of ulvö spinel and/or titanomagnetite and can also occur with blocky rutile intergrowths (Fig. 3l) . Discrete rutile grains show intergrowths of thin ilmenite lamellae and can also have ilmenite rims (Fig. 3k) . Ilmenite may occur in contact with sulphide grains.
Peraluminous sample 1204 contains mainly rutile with minor discrete ilmenite grains (combined mode is 1Á0 vol. %). Rutile has round and also elongated, subhedral and anhedral shapes with variable sizes up to 0Á7 mm (Fig. 2) . Titanium minerals in sample 1204 occur mainly included in silicate minerals, also together with sulphide inclusions in one host and mostly associated with garnet and opx rather than feldspars, which gives rise to an uneven distribution on a thin-section scale (Fig. 2) . Rutile can occur with or without ilmenite rims ( Fig. 3m and n) and with rare exsolution of thin ilmenite lamellae, which are aligned subparallel in two crystallographic directions. Although this sample is zirconbearing, no needle-like oriented features, such as zircon exsolution (e.g. Ewing et al., 2013) , were observed in rutile under the microscope at high magnification. The rare ilmenite grains have intergrowths of titanomagnetite or ulvö spinel and rarely rutile, as well as lensoidal pleonaste exsolution (Fig. 3o) . In one instance, an ilmenite grain additionally appears to be partially rimmed by late sulphide or zircon (a bright phase in the BSE image).
Like sample 1204, rutile is the dominant oxide (0Á61 vol. %) in metasedimentary granulite 1557A, with little discrete and mostly exsolved ilmenite (0Á11 vol. %). Rutile forms anhedral to subhedral grains mostly up to 0Á5 mm across, but locally larger (one grain >1 mm length; Fig. 2 ). Titanium minerals are associated with garnet and the pyroxenes rather than feldspar. Rutile is homogeneous and is mostly rimmed by ilmenite (Fig. 3p) , but occasionally has thin ilmenite exsolution lamellae. In one case, rutile is partly rimmed by sulphide (Fig. 3q) . Discrete ilmenite shows intergrowth with blocky, elongated rutile and is partly rimmed by sulphide. Additionally, this grain has an intergrowth with a large (>50 lm) Al-rich silicate, possibly garnet (Fig. 3r) .
Major element compositions of rutile and Fe-Ti-minerals
For both rutile and ilmenite, CaO, NiO, Na 2 O, K 2 O and P 2 O 5 are always below limits of detection. Rutile major element analyses are relatively uniform, with average TiO 2 per sample ranging from 98Á9 to 99Á7 wt %. Minor oxides present above the detection limit include Al 2 O 3 , Cr 2 O 3 and FeO (probably Fe 2 O 3 in rutile), whereas average MgO contents are below or close to the detection limit (Table 2) . Core-rim variations (gauged as relative standard deviation >1%) are in general minor. In a few instances, exsolved ilmenite lamellae were large enough to obtain EPMA analyses (Table 3) . Ilmenite (FeTiO 3 ), which is present in five of the samples, contains quantifiable amounts of Al 2 O 3 (0Á11-0Á56 wt %), Cr 2 O 3 (0Á11-0Á34 wt %), MgO (1Á70-4Á49 wt %) and MnO (0Á15-0Á37 wt %) besides TiO 2 (46Á17-53Á27 wt %) and FeO total (all Fe assumed to be divalent; 41Á85-50Á49 wt %) (Table 3) . Average SiO 2 contents are close to the detection limit, whereas CaO, NiO, Na 2 O, K 2 O and P 2 O 5 are always below the detection limit. Ferric iron content (determined by stoichiometry, with accuracy subject to the quality of the EPMA measurement; Droop, 1987) (Fig. 4) . 99Á70  1Á01  99Á61  0Á81  98Á85  0Á01  99Á46  0Á45  0Á04  SiO 2  0Á03  0Á01  0Á03  0Á01  0Á02  0Á003  0Á03  0Á01  0Á01  Al 2 O 3  0Á30  0Á15  0Á24  0Á11  0Á12  0Á01  0Á25  0Á04  0Á01  Cr 2 O 3  0Á30  0Á14  0Á29  0Á09  0Á23  0Á05  0Á12  0Á03  0Á04  FeO   total   0Á21  0Á21  0Á28  0Á12  0Á40  0Á02  0Á25  0Á07  0Á05  MgO  0Á02  0Á01  0Á02  0Á01  0Á019  0Á001  0Á02  0Á01 Ti  1Á80  1Á84  1Á78  1Á77  1Á73  1Á73  1Á94  Si  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  Al  0Á02  0Á03  0Á01  0Á01  0Á01  0Á01  0Á02  Cr  0Á01  0Á01  0Á01  0Á01  0Á01  0Á01  0Á00  Fe   3þ   0Á36  0Á26  0Á41  0Á42  0Á49  0Á50  0Á09  Fe   2þ   1Á58  1Á62  1Á64  1Á66  1Á62  1Á59  1Á61  Mg  0Á22  0Á22  0Á15  0Á13  0Á13  0Á15  0Á32  Mn  0Á01  0Á02  0Á01  0Á01  0Á01  0Á01 0Á73  0Á77  0Á74  0Á75  0Á72  0Á71  0Á79  geik  0Á10  0Á10  0Á07  0Á06  0Á06  0Á07  0Á16  hem  0Á17  0Á13  0Á19  0Á19  0Á22  0Á22  0Á04  pyr  0Á01  0Á01  0Á00  0Á00  0Á00  0Á00  0Á01   1 Average major element composition of discrete ilmenite grains, numbers in parentheses are number of ilmenite grains measured. FeO recalculated and Fe 2 O 3 calculated from stoichiometry (Droop, 1987) .
normalized to 4 cations and 6 oxygen atoms
The average major element compositions of exsolved titanomagnetite and ulvö spinel, as well as pleonaste exsolution wedges in ilmenite in samples 1424 and 1525, are listed in Table 4 . Consistently low major-element totals of ulvö spinel and pleonaste may be related to higher concentrations of an element or elements that are normally only present at trace levels.
Trace element compositions
The full datasets of trace element compositions of rutile and ilmenite in the Diavik granulite xenoliths are listed in Supplementary Data Appendices 2 and 3. Average trace element concentrations in rutile and ilmenite in each granulite xenolith sample are listed in Table 5 and  Table 6 , respectively.
Trace element contents were measured in discrete rutile grains from four samples and in rutile intergrowths with ilmenite in one sample (Table 5) . Among the most abundant impurities in rutile are V (averages per sample range from 2260 to 5950 ppm), and Cr (755-1940 ppm) . Silicon was detected in two samples, at 905 and 975 ppm. Because this signal is consistently 10Á16  6Á20  35Á80  3Á03  2Á00  0Á70  3Á46  1Á34  29Á43  0Á63  FeO   total   64Á40  3Á56  78Á97  2Á06  32Á13  0Á56  59Á37  1Á00  74Á35  0Á52 0Á21  FeO   recalc,3   55Á26  2Á02  46Á76  1Á39  30Á33  0Á62  56Á26  2Á21  47Á87  0Á18  MgO  0Á97  0Á18  1Á01  0Á37  4Á10  0Á79  2Á32  0Á04  1Á80  0Á08 0Á01  MnO  0Á10  0Á03  0Á20  0Á12  0Á10  0Á02  0Á24  0Á02  0Á22  0Á02 0Á04  Total  96Á36  0Á69  98Á99  0Á46  92Á54  0Á71  97Á60  3Á00  98Á96 (Table 5 ). The largest relative standard deviations (RSD) are observed for Mo, W and U 6 Nb, Ta, Zr and Hf (Fig. 5) . In addition, in sample 1557A, two groups in terms of average Zr, Hf and Mo concentrations are apparent (Fig. 5c ). Trace element patterns of blocky rutile intergrowths with ilmenite do not differ from those of discrete rutile grains, with the exception of lower Zr and Hf abundances (Fig. 5d) . Trace element contents were measured in discrete ilmenite grains from five samples ( Table 6 ). The most abundant major constituents and impurities in ilmenite comprise, in addition to MgO and Al 2 O 3 , V (2310-4890 ppm) and Cr (1260-4990 ppm). Concentrations of Zr, Hf, Nb and Ta, averaged per sample, are in the range of 6Á3-26 ppm, 0Á46-2Á9 ppm, 12-333 ppm and 0Á29-16 ppm, respectively, whereas U, W and Mo contents vary from 0Á0077 to 0Á024 ppm, 0Á0093 to 0Á9 ppm and 0Á77 to 11 ppm, respectively. Ilmenite contains 0Á1 ppm of U, Values recommended from GeoReM (Jochum et al., 2005) .
6
Normalized to NIST612; all other elements are normalized to R10.
7
Median values are given to minimize the weight of outliers, whereas RSD highlights the degree of variability. Trace element composition of multiple ilmenite grains in each granulite xenolith sample with up to three spots per grain measured; numbers of ilmenite grains in parentheses.
4
5
>50% of single grain measurements below detection limit.
6
Median values are given to minimize the weight of outliers, whereas RSD highlights the degree of variability.
close to the detection limits. (Fig. 6) . Contents of U in ilmenite in a thin section of sample 1424 are higher than in separated ilmenite, which could relate to true heterogeneity at the sample scale that was not captured in the section. Interstitial and included ilmenite are not distinguishable in terms of their trace element patterns. Despite the substantial within-sample heterogeneity, similar trace element patterns emerge for all samples containing discrete rutile grains (1156, 1204, 1557A and 1636) when average primitive mantle (PM)-normalized rutile trace element patterns are considered (Fig. 7a) . Interestingly, rutiles in mafic (1156, 1636) and metasedimentary (1204, 1557) granulite samples show no gross differences. Normalized concentrations greater than those for mid-ocean ridge basalt (MORB) for Zr, Hf, Mo, Ta, Nb, U, V and W indicate that rutile is a significant host of these elements in metabasaltic and metasedimentary rocks. Tungsten and U values in scapolitebearing sample 1636 are markedly lower than in other samples.
As for rutile, all samples containing distinct ilmenite grains (1156, 1424, 1525, 1557A and 1636) show similar average PM-normalized ilmenite trace element patterns (Fig. 7b) , with the exception of Ta, Nb and W. In samples 1156 and 1525, normalized concentrations of Ta, Nb and W are up to one order of magnitude higher than in samples 1424, 1557A and 1636 (Fig. 7b) . Tungsten values in peraluminous sample 1557A are notably lower than in other samples. Additionally, U values in scapolite-bearing sample 1636 are markedly lower than in all other samples. Significant positive anomalies and normalized concentrations greater than for MORB are observed for Mo, Ta, Nb, V and W, indicating that ilmenite is a major host of these elements in mafic rocks, whereas normalized abundances less than those for MORB suggest that ilmenite is not an important host for these elements. Uranium and Cr do not exhibit any anomaly, indicating no preferential incorporation in ilmenite.
Trace element distribution between rutile and ilmenite
Normalized average rutile and ilmenite trace element patterns show several differences ( Fig. 7a and b) . Ilmenite has systematically lower concentrations of Zr, Hf, Mo, Nb, Ta, U and W, consistent with experimental constraints (Green & Pearson, 1987; Klemme et al., 2005 Klemme et al., , 2006 , whereas V concentrations overlap with those in rutile ( Fig. 7a and b) . However, ilmenite has higher Cr concentrations. The trace element distribution of rutile and ilmenite in our samples broadly agrees with experimentally derived partition coefficients, but there is strong trace element variation exhibited by FeTi oxides on the sample scale, and evidence for mobility of trace elements (lamellae, rims). Interestingly, ilmenite in sample 1156 has conspicuously high Nb and Ta contents, similar to that in rutile-free sample 1545, whereas D W in 1557 is anomalously high. Thus, the presence of isolated rutile grains (n ¼ 3) in ilmenite- (Arevalo & McDonough, 2010) by PM values (McDonough & Sun, 1995) ; that is, from most incompatible to compatible elements during partial melting of peridotite. dominated mafic sample 1156 and a few ilmenite grains (n ¼ 2) in rutile-dominated metasedimentary sample 1557 is not reflected in the trace element composition of the dominant ilmenite and rutile, respectively.
Zr-in-rutile thermometry
The Zr-in-rutile thermometer is a single-phase thermometer that can be applied to zircon plus quartzbearing samples (Zack et al., 2004a; Watson et al., 2006) . This thermometer is therefore quantitatively applicable to only one of the peraluminous samples (1204). Using the calibration of Watson et al. (2006) and assuming a pressure of 1 GPa, 27 grains give a range of 609-837 C (DT ¼ $230 C), compared with 800 C derived from conventional thermometry ( Table 1) . As the presence of isolated zircon grains in the sample does not ensure that the rutile is saturated with Zr, the Zr-in-rutile temperatures should be regarded as minima, even in zircon-bearing samples. Even though the Zr-in-rutile thermometer does not yield accurate results for samples where the buffer phases are not all present, Zr contents in the other samples may be used as a proxy for relative temperature changes (DT) experienced by the samples. Thus, the large spread of Zr concentrations in sample 1557 (358-3573 ppm), sample 1156 (2364-4638 ppm) and sample 1636 (935-1533 ppm) in addition to sample 1204 translates into DT of $50-240 C (Table 1) . 
U-Pb geochronology of rutile

DISCUSSION
Crystal-chemical behaviour of trace elements in ilmenite and rutile
Intracrustal melting is one of the processes able to generate differentiated CC (e.g. Krö ner & Layer, 1992). Stimac & Hickmott (1994) emphasized the importance of accessory minerals, in particular ilmenite, for modeling such differentiation processes. Thus, the trace element signature of the exposed upper CC can be accurately interpreted only if the trace element partitioning and modal abundance of minerals in potential source rocks, such as cratonic lower crustal granulites, is constrained. With this in mind, we discuss trace element incorporation into rutile and ilmenite in granulite xenoliths from the Slave Craton. Details of crystalchemically relevant properties (valence, cation radius in relation to available lattice sites) of the trace elements discussed in this section are given in Supplementary Data Appendix 5. Additional factors determining measured trace element contents, such as element diffusivities in the minerals and availability of reaction partners, will be discussed in a later section.
Trace element incorporation into rutile
The crystal-chemical behaviour of rutile has been summarized in a recent review (Meinhold, 2010) . The field strengths for different elements, from which their relative compatibilities in rutile can be inferred, are shown in Supplementary Data Appendix 6a (Klemme et al., 2005) . The HFSE Nb-Ta and Zr-Hf show positive covariations, as expected of geochemical twins with identical valence (Shannon, 1976) and similar ionic radii (not shown). Rutile in mafic sample 1156, from which only three grains were recovered and which is characterized by the highest bulk-rock SiO 2 and lowest TiO 2 content, has systematically lower Hf concentrations at a given Zr concentration. Zirconium concentrations are conspicuously high, consistent with the relatively evolved composition of this sample, and similar to some of the grains from peraluminous sample 1557, which is nearly ilmenite-free. Conversely, coexisting ilmenite, discussed below, has high Hf at a given Zr concentration and very high Nb and Ta concentrations, otherwise observed only in rutile-free sample 1525. This may relate to the observed modal banding (Fig. 2) and indicates that rutile and ilmenite in sample 1156 are not in mutual equilibrium.
Experiments on rutile/melt partitioning show that the polyvalent elements Mo, W and U are more incompatible under oxidizing conditions (Klemme et al., 2005) because of the valence mismatch (Supplementary Data Electronic Appendix 6a). Interestingly, there clearly is more variability of W concentrations at low Zr concentrations (Fig. 9c) . Because hexavalent W is fluid-mobile whereas Zr is not, high W at low Zr may fingerprint the involvement of fluids; for example, during metamorphism (Cave et al., 2015) . Although Mo and W are sometimes considered geochemical twins, the concentrations of these two elements do not correlate (Fig. 9d) , perhaps because of strong Mo partitioning into sulphide, whereas W prefers rutile, as is true for rutile and sulphide in eclogite xenoliths and diamonds from Diavik (Aulbach et al., 2012) . The incorporation of V in rutile strongly varies with the dominant valence state, which depends on the oxygen fugacity (Klemme et al., 2006) . Trivalent V might be expected to correlate with Nb because in tandem they can charge-balance two Ti 4þ sites (Liu et al., 2014) , but such a correlation is not observed in rutile in this study.
Trace element incorporation into ilmenite
Ilmenite has separate lattice sites for Fe 2þ and Ti 4þ , both with six-fold coordination (Deer et al., 1992) .
Supplementary Data Electronic Appendix 6b shows the field strength of elements, plotted as a function of their published ilmenite-melt partition coefficients. Apart from significant amounts of Mg, ilmenite has high concentrations of the HFSE, whereas W and U, which are incompatible in equilibrium with melt (Klemme et al., 2006; van Kan Parker et al., 2011) , are not as abundant as in rutile (Fig. 10) . Ilmenite forms temperaturedependent solid solutions with hematite (Fe 3þ ), pyrophanite (Mn) and geikielite (Mg) endmembers. The amount of hematite in solid solution with ilmenite also depends on oxygen fugacity (as discussed below), the crystallization temperature, cooling rate and subsolidus re-equilibration (Deer et al., 1992; Klemme et al., 2006 (Fig. 10a) and toward lower Zr/Hf at high Zr contents (Fig. 10b ). These will be discussed further below. High Nb concentrations in some ilmenite grains in samples 1156 (>100 ppm for six of 12 grains) and 1525 (>300 ppm for 38 of 53 grains) are associated with high W and Ta, and in part Mo. The remaining grains may have low concentrations because of local equilibrium with rutile, in which these elements are more compatible (Klemme et al., 2005) . Rutile occurs as rare inclusions or discrete grains in sample 1156 (Table 5) , although none was found in sample 1525. 
Sequence of events leading to the formation of lower crustal granulites beneath the central Slave Craton and to observed (Fe-)Ti mineral assemblages
From the known tectonomagmatic history of the central Slave Craton and prior investigations of lower crustal granulite xenoliths, combined with petrographic observations on rutile and (Fe-)Ti minerals in this study, the timing of events leading to the formation of mafic and metasedimentary granulites beneath Diavik can be established. Figure 11a shows the stability fields for rutile and ilmenite in mafic rocks, as determined by John et al. (2011) , the pressures and temperatures of Diavik granulites, and qualitative examples of two pressure-temperature paths. Although the P-T evolution of the LCC was probably complex and a variety of scenarios could apply, we consider here two possible endmembers for lower crustal xenoliths from Diavik: a prograde subduction path that is suggested to explain the presence of metasedimentary rocks at lower crustal depths, but could also apply to mafic granulites with MORB-like precursors, and isobaric cooling following igneous protolith formation (e.g. during lower crustal underplating).
(1) Formation of primary magmatic and sedimentary associations at c. 3Á3 Ga and !2Á7 Ga, respectively; this is based on the coincidence of Re-Os ages of sulphides in mafic granulites with major juvenile crust formation in the Slave Craton and of the Re-Os age of sulphides in the metasedimentary granulite with c. 2Á7 Ga craton amalgamation involving east-oriented subduction (Fig. 1b) ; (2) cooling from magmatic temperatures of mafic protoliths and subduction of sedimentary protoliths (prograde metamorphism), leading to establishment of a granulite-facies mineralogy, after which these two granulite types experienced a common subsequent history; (3) cooling from the last major thermal event involving metamorphism 6 partial melting at c. 2Á6 Ga; (4) resetting of U-Pb in rutile during heating related to the c. 1Á3 Ga Mackenzie dike swarm intrusion (Fig. 8) ; (5) entrainment in c. 55 Ma kimberlite and Pb loss from rutile owing to reheating (Fig. 8) . The effect of this evolution on (Fe-)Ti oxide mineralogies and textural relationships in the Diavik granulites is schematically summarized in Fig. 11 and described below; implications for lower crustal redox state and thermal evolution are discussed in subsequent sections.
After the formation of the igneous protoliths of the mafic granulites at c. 3Á3 Ga, with probably crystallization of ilmenite as a primary phase from the mafic magma (e.g. Charlier et al., 2007) , these rocks passed through the stability fields of ilmenite plus rutile during subsolidus cooling from magmatic temperatures (Fig. 11a) . Ilmenite is the dominant Ti-mineral in these rocks, and both ilmenite and rutile occur intergrown with or included in garnet and pyroxenes (Fig. 3a-l) . Mafic granulites are characterized by abundant exsolution features of the Ti-minerals in response to cooling: (1) zircon grains on ilmenite rims (Fig. 3c and h) ; (2) oxy-exsolution of ulvö spinel and/or Ti-magnetite and pleonaste from ilmenite ( Fig. 3g-i) ; (3) blocky exsolution of rutile in ilmenite (Fig. 3d, f and l) ; (4) ilmenite rims on rutile (Fig. 3a, b and k) and ilmenite lamellae in rutile (Fig. 3l) .
Rutile constitutes the main Ti-phase in metasedimentary granulites, along with minor ilmenite, and both phases probably grew on the prograde metamorphic path at the expense of Ti-rich precursor minerals, probably biotite (Stepanov & Hermann, 2013) . Both Timinerals occur mainly as inclusions in, and intergrown with, peak garnet and pyroxenes (Fig. 3m-r) . Like mafic granulites, metasedimentary samples display exsolutions of ilmenite from rutile, both as rims and as thin lamellae (Fig. 3m and p) . Occasionally, ilmenite shows exsolution of ulvö spinel and/or Ti-magnetite and pleonaste (Fig. 3o) , and small zircon grains can be present on ilmenite rims (Fig. 3o) . Reheating of granulites during the Mackenzie dike swarm event at 1Á27 Ga and during the 55 Ma kimberlite intrusion presumably did not affect the Ti-oxide mineralogy, as exsolution features related to cooling from magmatic-metamorphic temperatures are still preserved, but it may have caused enhanced diffusion of trace elements in addition to Pb, adding to the observed compositional heterogeneities at the sample scale.
Oxygen fugacity in the lower continental crust beneath Diavik
The amount of hematite in ilmenite and of magnetite in ulvö spinel depends on temperature and oxygen (Table 1) are also shown. It should be noted that the stability of Ti-phases is dependent on bulk composition and, therefore, deviations between the oxide mineral assemblage in the Diavik granulite xenoliths from those in the phase diagram are possible. A qualitative prograde path of metamorphism attending Archaean subduction and an isobaric cooling path for 1 GPa are marked. GS, greenschist facies; ilm, ilmenite; rt, rutile; ttn, titanite. (b) Approximate temperature evolution of the Diavik granulite xenoliths vs time, depicting the evolutionary stages for the LCC beneath the Slave Craton. (1a) Formation of igneous protoliths in the CSBC (Central Slave Basement Complex) leading to major mafic crust formation at c. 3Á3 Ga. (1b) Formation of sedimentary protoliths in an isotopically juvenile eastern domain at !2Á7 Ga. (2a) Cooling from magmatic temperatures of igneous protoliths in the CSBC. (2b) Subduction and prograde metamorphism of sedimentary protoliths owing to amalgamation of the two basement domains at c. 2Á7 Ga, with peak temperatures >800 C as evidenced by garnet-opx Fe-Mg temperatures. (3) Establishment of granulite-facies mineralogy and heating during metamorphism 6 partial melting between 2Á60 and 2Á58 Ga, as evidenced by the growth of metamorphic zircon in granulites (Davis et al., 2003b) . (4) Cooling from metamorphic peak temperatures as evidenced by (continuing) oxidation-exsolution of ulvö spinel and/or Ti-magnetite and pleonaste from ilmenite, as well as rutile exsolution from ilmenite and the presence of small zircon grains on ilmenite rims (Fig. 3) . (5) Reheating of granulites above the rutile U-Pb closure temperature (570 C; Cherniak, 2000) during the Mackenzie dike swarm event at 1Á27 Ga as evidenced by the resetting of U-Pb in rutile (Fig. 8) . (6) Slow cooling to lower crustal temperatures from 1Á26 to 1Á07 Ga, as shown by partial rutile U-Pb resetting (Fig. 8c) . (7) Reheating of granulite xenoliths from lower crustal temperatures of c. 400 C (Kopylova et al., 1999) owing to entrainment in kimberlites at c. 55 Ma as evidenced by Pb loss in rutile.
fugacity (Buddington & Lindsley, 1964; Frost, 1991) . For mafic granulites 1424 and 1525, temperature and log f O2 calculations based on ilmenite and Ti-magnetite indicate 920 and 860 C and -12Á0 and -12Á5, respectively [using the spreadsheet of Lepage (2003) ], corresponding to a redox state around FMQ (fayalite-magnetitequartz oxygen buffer). Because of the presence of ulvö -spinel exsolution in ilmenite that was not reintegrated, both temperature and f O2 are probably minima reflecting continued post-exsolution equilibration (e.g. Frost & Chacko, 1989) . If so, f O2 >FMQ may indicate that the protoliths formed from an oxidizing mantle source or from a magma affected by fractionation processes that led to oxidation, as observed in modern subduction zones (Lee et al., 2010) .
Cooling of lower continental crust
As summarized in Fig. 11 , the thermal state of the LCC beneath the central Slave Craton was probably affected by multiple events, including the following: (1) possible magmatic underplating during mafic crust formation followed by cooling (dry mantle solidus is >1200 C at 1 GPa; Hirschmann, 2000) ; (2) heating during at least two episodes of metamorphism 6 plutonism between 2Á60 and 2Á58 Ga, leading to prolonged metamorphic zircon growth in LCC granulites (Pehrsson et al., 2000; Davis et al., 2003a Davis et al., , 2003b ; (3) heating above the rutile U-Pb closure temperature during the 1Á27 Mackenzie dike swarm event (see next section). Indeed, there is evidence that the middle crust (6-7 kbar) in parts of the western Slave Craton experienced temperatures in excess of 825 C at $2Á59 Ga (estimates from metasedimentary rocks; Pehrsson et al., 2000) . In that case, the lower crust (1Á0-1Á2 GPa) of the craton must have experienced significantly higher temperatures in the Late Archean. Moreover, there is mineralogical evidence that the peak temperatures of these (now) largely biotite-free metasedimentary xenoliths was much greater than 800 C, as biotite undergoes extensive dehydration melting only at temperatures in excess of $850
C (e.g. Pattison et al., 2003) . Metamorphism and partial melting of the LCC, resulting in loss of heatproducing elements to the upper CC, should be followed by relatively rapid cooling, enhancing continental lithosphere stability (Bolhar et al., 2007) . In this context, garnet-opx Fe-Mg temperatures (Table 1 ) must record closure rather than peak temperatures. By comparison, LCC temperatures are estimated at $400 C at 30 km depth. This is based on the Jurassic steady-state geotherm derived from mantle xenolith thermobarometric data and surface heat production in the northern Slave Craton (Kopylova et al., 1999) ; LCC temperatures would probably not have significantly differed at the time of 55 Ma kimberlite eruption in the central Slave Craton. Thus, conventional and Zr-in-rutile temperatures recorded in the Diavik granulite xenoliths reflect a time period preceding entrainment in the kimberlite.
Calculated Fe 2þ contents in ilmenite from this study correlate negatively with Mg (not shown). Large miscibility gaps at low temperatures lead to exsolution upon cooling (Waychunas, 1991; Lindsley, 1991) . The abundant exsolution-like lamellae or wedges of titanomagnetite, ulvö spinel and pleonaste imply that ilmenite in the Diavik mafic granulites experienced cooling, which resulted in decreasing Fe 3þ , Al and Cr solubility and led to the formation of these re-equilibration textures (Charlier et al., 2007) . Such textures are a common feature in slowly cooling gabbroic bodies (Pasteris, 1985) , but may also reflect cooling from peak metamorphic temperatures. This is further supported by the presence of small zircon grains on ilmenite rims and blocky exsolution of a high Zr-Ti phase (Fig. 3c, h and o) , which may result from purging of Zr from ilmenite (Bingen et al., 2001; Charlier et al., 2007) . Mass-balance considerations have been taken to indicate that the frequently observed intimate association of ilmenite (in solid solution with hematite) with ulvö spinel lamellae (in solid solution with magnetite) in mafic granulites is not due to simple exsolution; rather it is interpreted as exsolution associated with cooling-related subsolidus oxidation of the ulvö spinel component in (potentially magmatic) titanomagnetite (Buddington & Lindsley, 1964; Lindsley, 1991) . Oxy-exsolution produces thick lamellae (sandwich intergrowths) with typically sharp contacts, and sometimes they have tapered terminations (Haggerty, 1991) , similar to those in ilmenite from Diavik granulites (Fig. 3i) . Iron solubility in rutile increases with temperature (Wittke, 1967) . Thus, the ilmenite exsolution in rutile observed in this study likewise suggests cooling. The large Zr-in-rutile temperature spread recorded by rutile in samples 1204 and 1557 (>200 C) illustrates the apparent degree of cooling experienced by the samples. It suggests continued down-temperature equilibration of the LCC in response to slow cooling (e.g. Luvizotto & Zack, 2009) , and depending on local reaction partners, as further discussed below. It is interesting to note that these two rutile-dominated samples give higher DT than samples with higher ilmenite modes (1156, 1636), which show a smaller temperature spread (T of $90 C and 50 C) (Table 1 ). In contrast to cooling from magmatic or metamorphic temperatures, the response of the thermal structure of the continental lithosphere to secular mantle cooling and the gradual decrease in the inventory of heat-producing elements as a result of radioactive decay is more gradual (Michaut & Jaupart, 2007) . Exsolution of ilmenite from rutile, as observed in granulites from Diavik, is seen in eclogite xenoliths from the same locality, which have unambiguously low-pressure (oceanic) protoliths and prograde subduction paths, during which rutile was stabilized (Aulbach et al., 2007) . As is true for these mantle eclogites, some of the exsolution features in the lower crustal granulites may therefore reflect secular lithosphere cooling.
Retention of ancient U-Pb ages at lower crustal temperatures
The main goal of measuring U-Pb in rutile was to test whether these ages reflect those of the time of entrainment in the kimberlite or whether older ages are retained in agreement with earlier studies (Davis, 1997; Davis et al., 2003a) . Lead generated from U decay could be purged from the rutile lattice in lower crustal rocks as the mean closure temperature for a grain with a diameter of 100 lm at a cooling rate of 1 C Ma -1 is only 570 C (Cherniak, 2000) , significantly lower than the conventional or Zr-in-rutile temperatures recorded by lower crustal xenoliths from the Slave Craton (Table 1) . The effective grain size of rutile grains may be considerably smaller than their apparent grain size because of the presence of exsolution lamellae, which would result in still lower closure temperatures. The diffusion data therefore suggest that rutile in granulite xenoliths will not record magmatic or peak metamorphic U-Pb ages, but rather the time elapsed since the grains cooled below their closure temperature.
Rutile U-Pb data from this study (Fig. 8) , and also those reported for rutile fractions from a different suite of granulite xenoliths from the central Slave Craton measured by isotope dilution thermal ionization mass spectrometry (Davis, 1997; Davis et al., 2003a) , define discordia arrays that yield upper intercept ages broadly coincident with the giant Mackenzie dike swarm event (LeCheminant & Heaman, 1989) . This suggests that the lower crust of at least this part of the craton was heated above the rutile U-Pb closure temperature for an extended period of time at $1Á27 Ga. In addition, the data spread along the concordia, from 1Á26 Ga down to 1Á07 Ga, as evident for sample 1204 (Fig. 8c) , shows that heating was followed by slow cooling, as also reflected in Zr-in-rutile temperature variability, and partial resetting. Any age record of earlier events was erased from rutile at that time.
At the time of kimberlite emplacement, the LCC beneath Diavik must have been significantly cooler than conventional or Zr-in-rutile temperatures suggest, closer to estimates of $400 C at 30 km depth (Kopylova et al., 1999) , as described above. Interestingly, rutile U-Pb data define a lower intercept age that roughly corresponds to that of Cretaceous to Eocene kimberlite volcanism in the central Slave Craton . Given the rapid ascent times (hours to days) inferred for the passage of kimberlite magmas through the upper mantle and crust (Russell et al., 2012) , the experimentally derived Pb diffusion coefficients for rutile (Cherniak, 2000) indicate that there should be negligible movement of Pb during short-term entrainment of the xenoliths at lower crustal temperatures of $400 C. Thus, the observation that there has been kimberlite-age Pb loss from the rutile grains suggests sufficient reheating of the xenoliths at the time of kimberlite magmatism to facilitate Pb diffusion.
Origins and implications of inter-grain trace element variability in (Fe-)Ti-minerals Rutile and (Fe-)Ti-minerals as HFSE 'islands' Above, we reviewed the incorporation of trace elements in rutile and ilmenite based on their compatibility. Here, additional factors determining observed trace element contents in these minerals related to diffusivity and local reaction partners are discussed. Considering the relatively low garnet-opx Fe-Mg closure temperatures calculated for the Diavik granulites ($800-950 C; Table 1 ), effects on trace element concentration in (Fe-)Ti-minerals related to different element diffusivities in the minerals may be important. These include: (1) the dependence of element diffusivity during volume diffusion on temperature and crystallographic direction (e.g. Cherniak et al., 2007; van Orman & Crispin, 2010) ; (2) significantly increased diffusivities in the presence of fluids or during dissolution-reprecipitation (e.g. Dohmen & Chakraborty, 2003; Lucassen et al., 2013) , whereby recrystallization should lead to more homogeneous trace element compositions than volume diffusion within short time scales; (3) the availability of reaction partners (e.g. Zack et al. 2004a) .
As the volume diffusion of elements between mineral grains depends on the availability of suitable cation exchange partners (Zack et al., 2004a) , local variations in the mineral assemblage participating in the reaction could cause highly variable inter-grain trace element concentrations. The transition elements Fe, Mn and Cr have the highest diffusivities in rutile (Sasaki et al., 1985) , whereas Zr, Hf, Nb and Ta diffusion in rutile is much slower (Cherniak et al., 2007; Marschall et al., 2013) . Interestingly, V, Fe, Mn and Cr have relatively homogeneous concentrations in Diavik rutile and ilmenite, and they are not or are little controlled by these minerals in the rocks, in accordance with their moderate partition coefficients (Klemme et al., 2005 (Klemme et al., , 2006 combined with low modal abundances. Thus, surrounding silicate minerals, in which these elements are less incompatible during partial melting (e.g. garnet, opx, cpx, mica: Adam & Green, 2006) , might act as cation exchange partners allowing diffusion and advanced inter-grain homogenization of these elements in the (Fe-)Ti oxides. Given the faster diffusivity of these elements in rutile compared with Pb (Sasaki et al., 1985; Cherniak et al., 2007) , which was reset during heating c. 1Á3 Gyr ago as discussed above, their concentrations may reflect more or less efficient diffusive equilibration around that time, although recrystallization did not occur.
In contrast, inter-grain diffusion of Nb, Ta, U, W and Mo, which are compatible or highly compatible in rutile and in part in ilmenite in equilibrium with melt, might be hampered as these elements are highly incompatible in the constituent silicate minerals. In this case, (Fe-)Ti oxides act as 'islands' (Zack et al., 2004a) in the silicate matrix and primary Nb and Ta concentrations, reflecting local conditions, are preserved, for example, during prograde rutile growth at the expense of a Ti-rich precursor mentioned above. This interpretation is subject to uncertainties related to the possibly unrepresentative sampling of exsolved phases in both individual rutile and ilmenite grains during laser ablation, as noted previously. Although Zr and Hf are only moderately incompatible or even compatible in garnet and cpx during partial melting (Klemme et al., 2002; Rubatto & Hermann, 2007) , with cpx contributing up to 60% of the whole-rock Zr budget (Koreshkova et al., 2011) , the diffusivity of Zr and Hf in rutile is low (Cherniak et al., 2007) . This may limit the mobility of these elements, for example in response to cooling, and is consistent with the ability of rutile included in garnet to preserve initial Zr concentrations without subsequent re-equilibration (Usuki et al., 2017) . This explains variable Zr and Hf concentrations in rutile and ilmenite at the sample scale, including the observation that ilmenite in some samples (1424, 1525, 1636) forms two groups, with low and high Zr and Hf, respectively (Fig. 10b) . In addition, Zr and Hf concentrations may be controlled by the presence or decomposition of isolated zircon (Ewing et al., 2014) and apatite (Laurie & Stevens, 2012) in metasedimentary and mafic samples, respectively.
In summary, we suggest that trace element incorporation into Fe-Ti oxides is at least in part controlled by mineralogy at the sample scale (reaction partners), leading to local fractionation between different grains and limiting the response at the sample scale to changes in temperature. Sulphides are similar to (Fe-)Ti oxides in that they are accessory minerals concentrating a specific set of elements (highly siderophile and chalcophile). Sulphides both in the granulite xenoliths studied here (Aulbach et al., 2010) and in eclogite xenoliths from the same locality (Aulbach et al., 2009 ) have strongly fractionated Re/Os at the sample scale, ranging from five to nearly 400, which was also suggested to reflect limited equilibration between individual sulphides in an essentially highly siderophile element-free silicate matrix.
Relationship of (Fe-)Ti mineral compositions to possible pressure-temperature paths Rutile, which is stable in high-grade metamorphic rocks, can form on a prograde path at the expense of titanite or of high-Ti biotite at the amphibolite-granulite transition associated with a series of dehydration reactions (Liang et al., 2009; Luvizotto & Zack, 2009; John et al., 2011) . Prograde rutile growth associated with ilmenite breakdown also occurs in different stages (Frost, 1991; Luvizotto et al., 2009b) . The first metamorphic rutile grains would have high Nb concentrations because Nb is more compatible in rutile than in ilmenite or titanite (Green & Pearson, 1987; Klemme et al., 2005; Luvizotto & Zack, 2009 ). The final stage is when the precursor is consumed and only rutile is present and incorporates >90% of the Ti and Nb of the whole-rock (Luvizotto & Zack, 2009 ). Variable Nb concentrations, as observed in Diavik rutile, might therefore be caused by prograde rutile growth for those samples that did experience such a metamorphic path. Conversely, when ilmenite forms at the expense of rutile on a retrograde path (Xiao et al., 2006) or during cooling (Fig. 11) , ilmenite may inherit the variable Nb and Ta concentrations from rutile. For example, the highly variable Nb, Ta, Zr and Hf concentrations of rutile in metasedimentary sample 1557A could be interpreted as the result of prograde rutile growth at the expense of ilmenite. Although a prograde reaction path for this sample based on rutile trace element systematics is not unambiguously required, such an origin would be consistent with sulphide Re-Os isotope systematics falling on a 2Á7 Ga model age array, coincident with the age of craton amalgamation (Aulbach et al., 2010) and the interpretation of this sample as a metasediment.
Accumulation of ilmenite during formation of the protoliths to the mafic granulites may be supported by the whole-rock Cr 2 O 3 content in sample 1525 of 0Á14 wt %, the sample with the highest (Fe-)Ti mineral mode and bulk-rock TiO 2 and Hf concentrations (Table 1 ) and the high Cr 2 O 3 contents in exsolved pleonaste (Table 4) . Along with apatite, ilmenite in sample 1525 may have crystallized as a primary phase from the mafic magma (e.g. Charlier et al., 2007) . Interestingly, rutile in sample 1204 plots in the mafic field in the Cr vs Nb diagram of Zack et al. (2002) . This sample has disturbed sulphide Re-Os isotope systematics, with some grains plotting on a c. 3Á3 Ga age array, similar to mafic granulite samples 1424 and 1525 (Aulbach et al., 2010) . All these features suggest that this sample was affected by exchange with mafic magma at this time, which could explain the disturbed Re-Os isotope characteristics, as Os isotopic homogenization was probably not achieved during this process.
As shown in Fig. 11 , mafic rocks emplaced at magmatic temperatures at LCC depth (dry mantle solidus is >1200 C at 1 GPa; Hirschmann, 2000) will pass through a field of coexisting rutile and ilmenite upon cooling. In such a scenario, inter-grain trace element variability in rutile could be the result of growth of rutile from ilmenite in mafic samples (Fig. 11) . The exsolution-like features of titanomagnetite, ulvö spinel and pleonaste in ilmenites of mafic granulite samples 1424 and, especially, 1525 could be the result of oxidation-exsolution that is also observed in gabbroic bodies and anorthosite intrusions (Pasteris, 1985; Charlier et al., 2007) . Alternatively, these exsolution textures in oxide minerals developed in the granulites following the two episodes of metamorphism 6 plutonism between 2Á60 and 2Á58 Ga (Pehrsson et al., 2000; Davis et al., 2003a Davis et al., , 2003b discussed further above. In either case, cooling from high temperatures is supported by the presence of small zircon grains on ilmenite rims and blocky exsolution of a high Zr-Ti phase, which may result from purging of Zr from ilmenite (Bingen et al., 2001; Charlier et al., 2007) .
Persistent dryness of lower continental crust
With respect to the evolution of the LCC beneath the central Slave Craton, it is important to consider that the exsolution-like ulvö spinel lamellae in ilmenite are highenergy features. The observation of significant trace element concentration variability in rutile and ilmenite at the sample scale further suggests that the diffusivity of these elements was low. One possible way in which to explain the substantial within-sample intragrain and intergrain compositional variability is that only volumediffusion was active, and that these rocks were never in contact with pervasive (metasomatic) fluid (e.g. O'Brien, 1999; Dohmen & Chakraborty, 2003; Lucassen et al., 2010) , which would prompt recrystallization and homogenization (e.g. O'Brien, 1999; Villa & Williams, 2013) . Sulphides in the samples investigated here have Re-Os isotope systematics lying on a c. 3Á3 Ga age array, consistent with long-term Os isotopic evolution at measured variable 187 Re/ 188 Os (Aulbach et al., 2010) .
The preservation of strong compositional heterogeneity in sulphides and (Fe-)Ti minerals is taken to imply that the LCC essentially remained dry for billions of years (chlorite and serpentine occur as secondary minerals as a result of minor alteration of primary metamorphic phases owing to late reaction with the kimberlite magma and are not true retrograde hydrous minerals). This is not only consistent with high present-day resistivity of the deep lower crust in the Slave Craton (Jones & Ferguson, 2001 ), but may also be a requirement for the long-term survival of cratonic lithosphere (Lenardic et al., 2003) .
HFSE control by rutile and ilmenite, and fractionation during lower CC formation
Rutile in eclogites and peridotites controls significant proportions of the Ti, Nb and Ta budget (Bodinier et al., 1996; Zack et al., 2002; Aulbach et al., 2008; Luvizotto & Zack, 2009; Schmidt et al., 2009) , and ilmenite is likewise known to be a significant host for these elements (Stimac & Hickmott, 1994; Klemme et al., 2006; Dygert et al., 2011; van Kan Parker et al., 2011) . A mass-balance calculation weighting the concentrations of TiO 2 in rutile and ilmenite in the Diavik granulite xenoliths by mineral modal abundances shows that the (Fe-)Ti-minerals account for at least 20 to >90 wt % of the wholerock TiO 2 budget. Bearing in mind that large inter-grain variations exist on thin-section scale, the proportion of Nb controlled by rutile is broadly similar to that of TiO 2 , as is the case for other mafic lithologies described above. In samples where ilmenite is clearly the dominant Ti-mineral (samples 1525 and 1636; Table 1 ), Ti and Nb are controlled by ilmenite, in which Nb and Ta can be compatible during partial melting, as opposed to silicate minerals (Klemme et al., 2002 (Klemme et al., , 2005 . In contrast, much lower proportions of Zr and Hf are controlled by rutile and in particular ilmenite ( , 2003) . This contrasts with the silicate differentiation trend that is formed by mantle peridotites and their partial melts (Fig. 12) and can be discussed in light of the suggested pressure-temperature paths experienced by mafic and metasedimentary granulites from Diavik (Fig. 11) . Rutile forms at the expense of minerals with high D Nb/Ta during prograde metamorphism, as is the case for biotite and phengite in metasedimentary rocks where D Nb/Ta is >1 (Stepanov & Hermann, 2013) . Thus, rutile and ilmenite forming from these minerals may inherit and preserve their Nb and Ta concentrations and high Nb/Ta. This process could explain super-chondritic Nb/Ta in some rutile grains in the metasedimentary granulite 1557A. Given the proposed intrusive origin of mafic Zack et al., 2002; Luvizotto et al., 2009b) , in orogenic granulites and eclogites (yellow field: Zack et al., 2002; Xiao et al., 2006; Liang et al., 2009; Luvizotto & Zack, 2009; Schmidt et al., 2009; Gao et al., 2010; Kooijman et al., 2010; John et al., 2011; Meyer et al., 2011) and eclogite xenoliths (Barth et al., 2001; Jacob et al., 2009; Aulbach et al., 2011) , as well as ilmenite in eclogite xenoliths (Jacob et al., 2009) and in the Skaergaard Intrusion (Jang & Naslund, 2003) . Silicate reservoirs (DM, depleted mantle; CC, continental crust; TTG, Archaean tonalite-trondhjemitegranulite; MORB, mid-ocean ridge basalt; OIB, ocean island basalt) from John et al. (2011) and chondritic ratios from Mü nker et al. (2003) .
granulites, the effect of fractional accumulation of Fe-Ti oxides may be considered. If ilmenite accumulates at the bottom of a magma chamber (Charlier et al., 2007) (Schmidt et al., 2004; Klemme et al., 2006) , which is imparted to crystallizing minerals and inherited by ilmenite during recrystallization to granulite-facies conditions.
SUMMARY AND CONCLUSIONS
A petrographic and major and trace element investigation of rutile, ilmenite and Ti-magnetite in six lower crustal mafic and metasedimentary granulite xenoliths from the Diavik kimberlites (central Slave Craton, Canada) was carried out to (1) assess the crystalchemical behaviour of high field strength elements (HFSE: Zr, Hf, Nb, Ta, U, W, Mo) and transition metals in rutile and ilmenite, (2) use element systematics in (Fe-)Ti minerals combined with oxide petrography to constrain the compositional and thermal evolution of LCC, and (3) discuss the possible origins of compositional heterogeneity at the sample scale, including nonchondritic Nb-Ta ratios. The following observations and conclusions can be made.
(1) Substantial (oxy-)exsolution of spinels (Ti-magnetite, ulvö spinel and pleonaste) and zircon from ilmenite and high Fe-Ti oxide modes in mafic samples suggest cooling from magmatic or peak metamorphic temperatures. Metasedimentary samples, with rutile showing only minor ilmenite exsolution, may have formed during a prograde, subduction-related metamorphic path associated with 2Á7 Ga craton amalgamation. Rutile U-Pb data define discordia arrays with upper intercept ages broadly coincident with the 1Á27 Ga giant Mackenzie dike swarm event, whereas lower intercept ages roughly correspond to the age of Cretaceous to Eocene kimberlite magmatism. Reheating of the lower crust above the rutile U-Pb closure temperature and subsequent slow cooling caused partial U-Pb resetting and spreading of data along the concordia and partly explain the large spread in Zr-in-rutile temperatures (>200 C). (2) The highly variable inter-grain concentrations of elements that are compatible in (Fe-)Ti oxides (Nb, Ta, Mo, W, U), but highly incompatible in silicate minerals (in equilibrium with melt), contrast with more homogeneous concentrations of the transition metals and are ascribed to the local absence of reaction partners for diffusive homogenization, limiting their ability to respond to changes in temperature. Therefore, the (Fe-)Ti minerals are essentially HFSE 'islands' in the granulite matrix. The lack of homogenization, combined with the persistence of high-energy grain boundaries, such as exsolution lamellae, is consistent with low volume diffusivities and suggests that the LCC remained essentially dry since cooling from peak metamorphic temperatures c. 2Á6 Gyr ago.
(3) (Fe-)Ti-minerals in the Diavik granulites are accessory phases with modal abundances per sample of up to 2 vol. %. Taking into consideration that trace element concentrations are variable and accounting for modal uncertainties, they largely control bulk-rock Ti and Nb abundances. Although Zr-Hf and Nb-Ta largely behave as geochemical twins, differences within and between samples indicate that their ratios have been fractionated. Highly variable Nb/Ta ratios in individual Ti-minerals of the Diavik granulites may at least in part be explained by prograde metamorphic growth from high-Nb/Ta mineral precursors (e.g. biotite, phengite) for the metasedimentary sample, and prior fractionation of ilmenite with low Nb/Ta in a magma chamber for the protoliths to the mafic granulites.
